Abstract-The phenomena of stability of synchronous machines under small perturbations is explored by examining the case of a single machine connected to an infinite bus through external reactance.
INTRODUCTION
THE PHENOMENON of stability of synchronous machine operation has received a great deal of attention in the past and will receive increasing attention in the future. As economies in system design are achieved with larger unit sizes and higher per unit reactance generating and transmission equipment designs, more emphasis and reliance is being placed on controls to provide the required compensating effects with which to offset the reductions in stability margins inherent from these trends in equipment design [1] .
Concurrent with these trends are improvements in calculating methods and computing capability which permit predicting complex dynamic effects [2] - [5] , providing the means for designing control equipment with the proper characteristics.
Among several aspects of stability of synchronous machine operation, an important one is the mode of small perturbation stability referred to as steady-state, dynamic or conditional stability. Increasing attention has been focused recently on the effects of excitation control on the damping of oscillations which characterize the phenomena of stability. In particular, it has been found useful and practical to incorporate transient stabilizing signals derived from speed, terminal frequenicy, or power [6] , [7] superposed on the normal voltage error signal of voltage regulators to provide for additional damping to these oscillations. This paper deals with an analysis of the phenomena of stability of synchronous machines under small perturbations by examining the case of a single machine connected to a large system through external impedance. The object of this analysis is to develop insights into effects of excitation systems and to establish an understanding of the stabilizing requirements for such systems.
By examining a wide range of system and machine parameters and probing into causes and effects, a logical set of guide rules and concepts is developed to explain the nature of the problem and to arrive at a set of recommendations for stabilizing through excitation control. In order to limit the scope of this paper, the excitation system investigated is one which could be character- November 29, 1967 .
The authors are with the General Electric Company, Schenec- tady, N. Y. ized by a small time constant of between 0.03 and 0.05 second which is typical of thyristor-type systems.
The method of analysis of course can easily be extended to excitation systems with different dynamic characteristics. It is believed that from this analysis covering a wide range of conditions for the single machine case, one can project recommendations for stabilizing machines in multimachine systems.
DYNAMICS OF A SINGLE MACHINE CONNECTED TO A LARGE SYSTEM-FUNDAMENTAL CONCEPTS

Block Diagranm Relations
The phenomena of stability and damping of synchronous machines for the mode of small perturbations can be examined with the aid of block diagrams relating the pertinent variables of electrical torque, speed, angle, terminal voltage, field voltage, alnd flux linkages. The relations in the block diagrams discussed in this paper apply to a 2-axis machine representation with a field circuit in the direct axis but without amortisseur effects. Although a more rigorous representation should include amortisseur or solid iron eddy current effects in both axes, this simpler representation is sufficient to establish the basic effects and develop concepts.
The basic phenomenon in question is the stability of the torqueangle loop, i.e., the behavior of the rotor angle and speed following a small disturbance such as a mechanical torque disturbance. Although the whole subject can be and has been explored by various stability analysis techniques such as Routh's criterion [8] , eigenvalue analyses [4], etc., considerable value is found in analyzing the phenomena in the light of elementary servomechanism and frequency response theory, thereby developing an insight into the basic elements that cause various effects.
We will attempt to relate the familiar concepts of small perturbation stability of a single machine supplying an infinite bus through external impedance to the elements and relations shown in Fig. 1 . These relations and block diagram have been treated previously in [9] . The parameters in these relations are listed in the Appendix. They are derived by small perturbation www.DownloadPaper.ir www.DownloadPaper.ir DEMELLO AND CONCORDIA: SYNCHRONOUS MACHINE STABILITY AND EXCITATION CONTROL analysis on the fundamental synchronous machine equations, and hence are functions of machine and system impedances as well as operating point.
The parameters of Fig. 1 It is important to recognize that, with the exception of K3 which is only a function of the ratio of impedances, all other parameters change with loading, making the dynamic behavior of the machine quite different at different operating points. Since these parameters change in rather complex manner, it is difficult to reach general conclusions based on parameter values for one operating point only.
Performance with Constant d-Axis Flux Linkages
Returning to Fig. 1 , let us first look at the portion shown in Fig. 2 , which is pertinent for the condition of constant flux linkages in the d axis.
This portion shows a torque-speed-angle loop which gives rise to a natural period of oscillation co,, = a/377 K1/M rad/s. Neglecting damping due to electrical load characteristics, we note that this torque-speed-angle loop is a pure oscillator with zero damping much like a spring-mass system. The lighter the machine (smaller M) and the higher the transient synchronizing power coefficient K1, the higher is the oscillation frequency. From the relations in the Appendix, we note that K1 is decreased by increasing system and machine reactances. It is also affected by machine loading in a somewhat peculiar manner due to transient saliency effects.
In most practical cases K1 is positive giving rise to oscillations. It is possible in very unusual cases of very long ties and relative high loading on these ties to have K1 go negative. In these cases, even if we were to maintain constant flux linkages in the d axis, the machine would be unstable in a real root stability sense, i.e., the machine angle would run away monotonically and exponentially with time. Although with special stabilizing in the control of excitation, it is possible to render some of these systems stable, they are primarily of academic rather than practical interest. Damping Torques, Synchronizing Torques-Damping Ratio Before introducing the effects of field losses and excitation control, it is desirable to develop a few simple concepts relating the behavior of the second-order system of Fig. 3 which introduces a damping term D.
In this system, damping is provided by developing a negative torque proportional to and in time phase with speed pa. One form of instability is approached as the damping ratio goes to zero. For normal values of damping ratios, the frequency of oscillation is not materially different from the value for zero damping ratio. For conceivable ranges of inertia, impedances, and loading values, this frequency of oscillation will be in the neighborhood of 0.5 to 2 Hz with the possibility of extreme values of up to 4 Hz at the high end and 0.1 Hz at the low end.
At this point it is appropriate to introduce the concept of synchronizing and damping torques. At any given oscillation frequency, braking torques are developed in phase with the machine rotor angle and in phase with the machine rotor speed. The former are termed synchronizing torques and the latter damping torques. The torque oscillations developed by any particular means can be broken down into these components for an insight as to their effect on stability.
Stability can be endangered by a lack of either or both synchronizing and damping torques. The traditional stability criterion with which industry is most acquainted concerns the tests for positive synchronizing torques which determine whether or not forces will be set up to restore the rotor angle of the machine following an arbitrarily small displacement of this angle. No correspondingly simple guide rules have been developed to test for the possibility of another form of instability which would arise for cases where damping torques became negative. This latter form of instability is becoming increasingly important as machine stable operation is more than ever dependent on automatic control of excitation.
IEEE TRANSACTIONS ON POWER APPARATUS AND SYSTEMS, A PRIL 1969
Performance with Constant Field Voltage Introducing now the effects of field losses, we refer to Fig. 4 which adds the armature reaction terms expressed as a demagnetizing influence with increasing rotor angle through the block K4.
Examine now the contribution of torque due to this effect shown by the dashed lines in Fig. 4 WIo2T&'TE For very low frequencies
for high values of KR.
We note that with K5 positive this synchronizing component is negative. This is of no particular concern as for those cases where K5 is positive (low to medium external impedance and low to medium loadings) K1 is usually high so that the net synchronizing component K, -K2K5/K6 is still significantly greater than zero.
For K5 negative, which occurs for moderate to high system transfer impedances, and heavy loadings, we note that the synchronizing torque component is positive at low frequencies. This is beneficial in those cases where the transient synchronizing coefficient K1 is low or negative, or where the steady-state synchronizing coefficient without regulator K1 -K2K4K3 is negative.
As oscillation frequencies increase and w2 approaches
(1/K3 + K6K,)/ (Td0'T,), we note from (13) that the synchronizing torque becomes infinite and for even larger frequencies it reverses sign. Actually before this can happen, the oscillation frequency becomes very high and instability develops because of negative damping.
Damping Torques
From (11), we see that the damping torque component TD due to voltage regulator action is K2K,K5(T,/K3+ Td&')w AO. (14) (1/K3 + K6KE -c2 Tdo'T )2 + (T6/K3 + T&')2w2
This component gives positive damping whenever K5 is positive but for a large number of cases where K5 is negative, it contributes negative damping. Further, we note that, with K5 negative, increasing Kf increases the magnitude of negative damping causing instability. However, at the other extreme with zero regulator gain, we only get the small amount of field damping described before.
We thus have a conflicting problem. In those cases where K5 is negative and which are generally the cases involving stability problems, a voltage regulator is of major help in providing synchronizing torques and curing that part of the stability problem. However, in so doing it destroys the natural damping of the machine which is small to start with. The recourse has been to have just enough regulator gain to provide synchronizing power coefficient without cancelling all of the inherent machine damping.
This can be a satisfactory solution in most cases; however, there can be instances where stability is provided by the regulator wvith very poor damping, making operation extremely oscillatory. In some special cases of very long lines requiring operation near the line limit, the solution is to have a fairly high regulator gain to provide the necessary synchronizing power coefficient. In these cases, one effective way to solve the damping problem is to provide a special stabilizing signal derived from machine speed, terminal frequency, or power.
Recognizing that the problem of damping can be solved by auxiliary means removes some of the constraints placed on regulator gain. However, as was noted before, there remain the regulator gain constraints explained in the Section Regulator Gain Constraints. Since there are fixed relationships between the variables, speed, terminal frequency, and power which can be used to relate the requirements of one signal in terms of the requirements of another, we will confine our analysis to use of signals from machine rotor speed. It is recognized that the use of any particular signal in preference to another will depend on hardware and implementation considerations outside the scope of this paper.
STABILIZING SIGNALS FROM SPEED Phase and Magnitude Relations
The stabilizing signal requirements to provide damping through transient manipulation of the voltage reference in response to speed can be derived as follows. Fig. 10 shows the elements of the system in question relating the effect of speed through the stabilizing function G(S) through the voltage regulator loops affecting AEq', which produces a component of torque ATsig.
The question is: what should be the nature of G (S) to provide adequate damping over a wide range of machine and system parameters and operating conditions?
The over-all function between the component of torque produced by the stabilizing signal and speed is ATsig G(S)K2K, (15) chronizing torque Ts to damping torque TD at that frequency produced by the stabilizing signal is
Ts sin(-y-0)
TD cos (,y -0)
Since it is very difficult to synthesize a function which will provide exact angle cancellation for all conditions, i.e., having 0 = y at all points, and further since the stability problem is often helped by providing some synchronizing component, we come to the following conclusions relating to the nature of the stabilizing signal function. 1) At low frequencies of oscillation which are indicative of weak synchronizing torques, one should strive to hold 0 less than -y, or if this is not possible, at least keep 6 close to y. At these low frequencies, the machine regulator function ATTe/Aet has small lagging phase angles, hence the stabilizing function should correspondingly have small leading phase angles. As was mentioned before, a medium-high-regulator gain provides synchronizing torques through the regulator by virtue of the effect of angle on terminal voltage K5. Hence, what should be attempted at the low-frequency range is to provide damping without appreciably hurting the synchronizing torque.
2) At the high extreme of the spectrum of frequencies of oscillation, there is no particular danger to subtracting from the synchronizing component. As a matter of fact, since the machine regulator function's phase angle becomes increasingly lagging with increasing frequency whereas, because of hardware limitations, the stabilizing function ceases to provide increasing phase leads at these higher frequencies, it is natural to expect o to be less than y. However, in this range of frequencies (y-0) should not be so large as to add significantly to the synchronizing component with its attendant effect on increasing the frequency of oscillation. As long as the difference between the machine regulator lag and the phase lead for the stabilizing function is within ±:30' for the frequency spectrum of concern, acceptable results are obtained.
Stabilizing Signal Constraints
There are several constraints that have to be observed when prescribing a stabilizing signal design that will be physically realizable and desirable from other considerations. These considerations and constraints are as follows.
1) The signal should not produce a steady-state offset of voltage reference with frequency hence it must approach a pure rate signal at very low frequencies.
2) Lead functions can only be realized with lead-lag pairs, and there is a limit as to how small the lag time constant can be. It is conservative to assume that this lag time constant cannot be smaller than 0.05 second. The insights that have been developed into the problem of providing damping from stabilizing signals may convince one that there is no way of developing a universally applicable stabilizing function that would be optimal for a wide range of machine and system parameters, and operating conditions. However, even if not optimal, it would be highly desirable to have a signal transfer function which would provide damping in those cases where it was badly needed without deteriorating damping in those instances where there was no particular need for providing supplementary damping.
The single machine against infinite bus analysis outlined in this paper has been used to explore a variety of conditions of a single machine with different parameters and loading conditions. For each of these conditions there are any number of functions which provide adequate damping simply by having the right range of magnitude and phase at the particular frequency of oscillation of concern.
By examining the phase and magnitude of these functions as related to the frequency of oscillation that was pertinent for the particular case, we arrive at bands of phase angles and magnitudes as functions of frequency of oscillation. It turns out that this band falls within ranges for which a general function with a rather well defined range of parameters serves reasonably well.
Heuristic reasoning permits casting the results of this single machine analysis to the general multimachine case. It is known that in a multimachine situation there is a wide band of modes of oscillation ranging from those between tightly coupled light machines to those between groups of machines separated by long ties. It is reasonable then to expect that to be effective in the general power system environment, the stabilizing signal on any given machine must acconmmodate this wide range of possibilities. Further, from a practical standpoint, it is essential that the range of adjustment not be critical since systems change from month to month as do operating conditions.
Range of Single Machine Cases Studied
The parameters K1, K2, K3, K4, K5, and K6, defined in the Appendix, were calculated for a number of cases.
Two system configurations were studied. One was described by a single machine supplying an infinite bus through an external impedance, Fig. 11 (a) . The second configuration attempting to simulate the condition of a system supplying local load connected to a large system through a weak tie is shown on Fig. 11 (b) . The phase angle of (19) as well as the reciprocal of its magnitude A for the frequency of oscillation w = V/K1377/1M radians was calculated for the various cases listed above using the expressions for the coefficients K1 to K6 in the Appendix.
As far as a criterion for the required magnitude of the signal is concerned, we could arbitrarily select a magnitude of this signal that would result in a damping ratio of 0.5.
Referring Fig. 12 is a scatter plot of the desired magnitude AlMo. of the signal versus frequency of oscillation co as dictated by the above criterion. Points for cases with the system configuration of Fig. 11 (a) are marked with X, whereas those with the system configuration of Fig. 11 (b) are marked with dots.
A composite plot of phase angles dictated by the above idealized criterion for all cases incorporating the two configurations is shown on Fig. 13 . Again X are points corresponding to cases with the configuration of Fig. 11(a) , whereas dots correspond to those for the configuration of Fig. 11 (b) .
It is interesting to note the ranges of the scatter plots for the two different configurations. Most stability problems are characterized by oscillations at the low end of the spectrum and at this end, the stabilizing function needs little phase lead. This confirms the results of several studies which were concerned with long distance transmission problems.
On Figs. 12 and 13 we have superposed plots of magnitude and phase, respectively, for two stabilizing functions discussed in the next Section.
Stabilizing Functions Studied-Analog Computer Results
From the general shape of the scatter plots of the ideal stabilizing function by the above criterion, and guided by the understanding of the many effects developed in previous sections, several stabilizing functions were tried on the system of Fig. 1 simulated on an analog computer.
These analog computer studies confirmed with time domain results the general findings of the frequency response analysis. In particular, these results were valuable in obtaining a cali- Tables I and II. where In order to illustrate the effect of voltage regulator gain on damping, we have included in Fig. 16(a) and (b) results of angle deviations for a step change in mechanical torque for the case where no stabilizing is used. Fig. 16(c) is for a case where the parameter Ks is positive, leading to some benefit in damping with voltage regulator gain, whereas Fig. 16(b) shows the adverse effects of voltage regulator gain on damping for the case where K5 is negative.
CONCLUSION
The small perturbation stability characteristics of a single machine supplying an infinite bus through external impedance have been explored by means of frequency response analyses giving insights into effects of machine and system parameters, voltage regulator gain, and stabilizing functions derived from speed and working through the voltage reference of the voltage regulator.
The study has explored a variety of machine loadings, machine inertias, and system external impedances with a determination of the oscillation and damping characteristics of voltage or speed following a small disturbance in mechanical torque. An attempt has been made to develop some unifying concepts that explain the stability phenomena of concern, and to predict desirable phase and magnitude characteristics of stabilizing functions. 3) A stabilizing function operating on speed and developing a transient offset of voltage regulator reference can be selected to be close to universally applicable for a wide range of machine and system parameters. This function could be of the form It is evident that for every combination of machine and system parameters, and loading conditions, there are a variety of stabilizing signal transfer functions operating on speed which give essentially the right phase and magnitude relation for the frequency of concern. It is a challenge, however, to find a universal function which would be adequate for the whole spectrum of possibilities. By examining this spectrum of possibilities over a credible band of machine and system parameter values, as well as loading conditions, it appears that a fair compromise function can be recommended that will be almost universally applicable.
In the general case of a machine in a power system, there are many modes of oscillation between machines and groups of machines; these modes can change from day to day with loading conditions and from year to year with changes in power system configuration. Accordingly, the search for a universally applicable stabilizing function has a great deal of merit.
For 2) The transition from steady-state gain to transient gain can be obtained with rate feedback from exciter voltage or with a lag-lead network ( 4) There appears to be some correlation between the strength of the signal required and the inertia of the machine. From examination of several sets of runs where the only difference was inertia, we conclude that the strength of the signal should vary approximately as the square root of inertia.
5) The need for stabilizing increases with increasing dependence on the excitation to provide synchronizing power through a high response excitation system. These conclusions and recommendations have been checked out in detailed digital multimachine simulations. Among several problems being presently studied are the dynamics under large disturbances and design requirements of signal limiting. Also being studied are the relative merits of stabilizing with terminal frequency or with a signal derived from electrical power instead of speed.
APPENDIX
For a machine connected to an infinite bus with voltage E through an external impedance r6 + jX6, Fig. 11 (a) , assuming as negligible amortisseur effects, armature resistance, armature p, terms, and saturation, the following relationships apply. give an excellent insight into transfer function requirements for static excitation systems.
In our experience, the technique of developing linear transfer functions for a synchronous machine connected through reactance to an infinite bus, and the study of these functions to determine the requirements of the excitation system, should be the first step in synthesizing excitation system transfer functions. This technique was used in developing the speed stabilizing signal described in [6] using block diagrams similar to those described by the authors. We question whether the gain KE should be limited to less than Tdo'/2TE as suggested by the authors. It appears that this recommendation is based on achieving a heavily damped system having a damping factor of 0.707 for the two time constant system considered. In practice, we think the amortisseur windings should also be considered in establishing limits of gain for the controlled-rectifier excitation system. The effect of amortisseurs is to reduce the permissible value of voltage regulator gain to maintain the same relative stability of the closed-loop system. For example for the system shown in Fig. 17 Tdo,' 5 seconds, the time constant T4'I/K.KR is only 0.05 second and phase lead would not be required on the usual hydro generator. This is in accordance with our experience since phase lead of the 327 stabilizing signal has not been required on aniy of our hydro generators. On the other hand for thermal units, closely coupled to the system, K6 will be significantly smaller (about 0.2) so that phase lead networks will usually be required for optimum system performance. The use of high gain and a small time constant TE where possible would appear to be superior to the use of phase lead, since the optimum amount of phase lead required varies with system conditions and as noted by the authors, it is essential that the excitation system perform satisfactorily over a wide range of system conditions. The block diagrams in the paper demonstrate why all successful stabilizing signals developed to date use a speed or frequency deviation signal or derive a speed signal from generator power variations.
In our work we have used block diagrams based on the same small perturbation analysis presented by the authors but having a different form as shown in Fig. 18 . This diagram shows the relationship for balanced conditions of all the currents and voltages which can be measured on a synchronous machine. By including saturation and amortisseur windings, this model has provided a basis for comparing calculated transfer functions with those measured in field tests using frequency response techniques. In view of the important fundamental concept involved in the application of supplemental excitation control as given by the authors, it may be helpful to examine this concept a little more qualitatively. The response of a generator and its excitation system in a manner such that it contributes negative damping can be illustrated as in Fig. 19 (a) . This figure shows the vector diagram of a generator that has experienced a decrease in electrical power output, P8. The generator rotor position will change directly in timephase with P., and the generator terminal voltage Vt will increase.
Due to the rotor position change there will result a velocity, (the derivative of a with respect to time), accompanied by an induced field voltage, Efd induced, and an induced field current will lag this voltage by something less than 90 degrees. Accelerating power P8 of the machine will be directly proportional to the second derivative of with respect to time, as given by the basic machine equations in the paper. Thus, the time-phase relationships of the major machine parameters are established, and the effect of automatic excitation control will now be discussed.
The positive change in terminal voltage Vt will result in a negative error signal VTerror being applied to the automatic voltage regulator. This error signal will act through the regulator and exciter to produce a change in field voltage to buck the increased terminal voltage. The change in field current Ifdv due to the change in field voltage will lag by nearly 90 degrees because of the large main field time constant.
The two field current vectors, Ifd,, and Ifd induced} can be added using superposition to obtain the net change in field current. The net field current vector can now be resolved into components along the rotorposition and rotor-speed co axes. Since torque is directly proportional to the net field current, it can be seen that there is a torque component (the synchronizing component) in phase with rotor position, but that the component reflected onto the axis of rotor speed (the damping component) is negative. The effect of a selectively chosen supplemental regulator control signal is shown in Fig. 19 (b) . In this figure, the result of adding a supplemental signal is superimposed on Fig. 19 (a) . For this illustration, the supplemental signal is chosen so that it is in time-phase with accelerating power, and since it acts through the voltage regulator and its associated time delay, a change in field voltage will follow which in turn will produce a change in field current, Ifdsv. Adding the net field current vector obtained in Fig. 19(a) to that resulting from the supplemental signal produces a new net field current vector. Resolving this vector into components along the rotor-position and rotor-speed axes, shows that the damping torque component has become positive. Thus, supplementary regulator controls can eliminate negative damping emanating from the excitation system and introduce positive damping.
As noted in the paper, the time-phase relationships shown in Fig. 19 www.DownloadPaper.ir www.DownloadPaper.ir DEMELLO AND CONCORDIA: SYNCHRONOUS MACHINE STABILITY AND EXCITATION CONTROL application of such control to higher speed static systems should be soon forthcoming from the manufacturers. This paper contributes generously to the fulfillment of that expectation and the authors are to be congratulated on an excellent contribution which is not only thorough but timely.
As a result of extensive studies, the Pacific Intertie Engineering Guidance Committee has recommended supplementary control not only on important new machines but also to a large number of strategically located existing machines having the more conventional rotating exciter systems. Although these systems must contend with additional limitations such as nonlinearity, lower speed of response, and relationship to loading conditions, some of the guides offered in this paper may be extended to the rotating exciter systems. However, applications of such recommendations are complex and there is much room for improvement. We hope further extensions into this field will be forthcoming soon.
The paper promises further investigation of signal limiting requirements. Further considerations of these necessary functions will be welcome. Concerning abnormal under-and overvoltage conditions, our own studies have indicated that rapid removal of supplementary signals upon crossing a voltage limit of ±5 percent and rapid restoration of signal upon returning within limits serve this purpose without adverse influence. Our pilot application at Glen Canyon, which has been operating for five months to date, has performed satisfactorily with this system. The paper does not give support for its conclusion which states "The signal should not produce a steady-state offset of voltage reference with frequency ...." In our own study of the problem as stated in [7] , it is not clear that this conclusion is warranted in all cases. It has been proposed [11] that a substantial benefit can be accomplished by reducing voltage as a function of frequency under disaster conditions. The frequency supplementary signal would automatically accomplish this type of action where desirable, such as near load centers. On the other hand, generating stations serving long transmission lines may not benefit by this action. The point of this remark is that reset in the supplementary signal need not be mandatory. It may be advantageous to make it optionally available. F. P. deMello and C. Concordia: We wish to thank all of the discussers for their comments, which add considerably to the value of this paper.
In regard to the various points raised by Mr larger value of KE is perfectly satisfactory. Also, it is true that with this larger value of KE, the effective response of flux to voltage reference has less phase lag and therefore the lead requirements for the stabilizing signal are correspondingly less. However, the higher KE, the more likely is the mode of operation where the exciter hits limits and, under these conditions, the effective phase lag of flux to signal can be drastically different and considerably greater than that under the linear mode of operation. Use of describing function methods of analysis of the mode of operation where the exciter is hitting limits will show that in such a mode, the stabilizing signal will need considerably greater phase lead to produce damping.
An effective means of preserving the beneficial damping characteristics of the stabilizing signal under large disturbance conditions, such as occur following fault conditions, as well as under the small perturbation mode, is to have moderate values of KE which do not cause the exciter to continually hit limits under typical large disturbance conditions, thereby avoiding the drastic change in phase angle characteristics under these conditions.
We do appreciate the need for more complete machine representations including effects of amortisseurs, saturation, etc. As a matter of fact, the concepts and recommendations developed in the paper have been checked out on very complete digital representations of machines in multimachine situations. For purposes of clarity, however, it was felt that the basic effects and concepts should be established with the simplest possible 2-axis representation, excluding amortisseur effects. We appreciate Mr. Schleif and Mr. Gish's comments on their studies for the Pacific Intertie system and agree that much is yet to be learned in terms of application requirements considering the nonlinear aspects of the problem. Our own investigations of large disturbance conditions have confirmed the general recommendations contained in the paper, particularly as regards effects of maintaining moderate regulator transient gains as explained above.
In regard to the value of a permanent offset of voltage with respect to speed, although this may be desirable from the point of view of balancing generation with load, it should be noted that the gains of voltage offset per unit of frequency deviation are in the order of 20 times what could be tolerated on the basis of a constant volts per cycle criterion. As long as the stabilizing signal effect is limited to a safe excursion in terminal voltage, we agree that there may be cases where a permanent offset voltage with frequency may be desirable.
It should be noted that this offset would be more effective at the load utilization points than at the generator terminals, since reduction of generator voltage would also cause a reduction of transmission voltage and intertie capacities.
Mr. Schleif and Mr. Gish suggest removing the stabilizing signal when the voltage deviation exceeds a certain limit, rather than limiting the signal itself. We do not think this is a good idea, and indeed there may well be cases where removing the signal might drive the voltage even farther away from normal. On the other hand, when the signal itself is simply limited, it is at least always contributing toward damping regardless of the magnitude of the voltage deviation.
We appreciate Mr. Kent's endorsement of the need for calculating methods for a more complete understanding of the problem. His qualitative description of the phenomena of damping and synchronizing powers as affected by voltage regulation is an interesting addition to this subject. However, we must point out that it neglects the interaction of the two signals, i.e., the voltage error vector in Fig.  19 (a) should be modified by voltage regulator action. 
